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Diagnosis of Coronary Artery Disease: A Receiver Operating 
Characteristic Analysis 
DAN J. FINTEL, MD, FACC,*t JONATHAN M. LINKS, PHD,? 
JEFFREY A. BRINKER, MD, FACC,t TERRY L. FRANK, CNMT,t MICHELE PARKER, MS,* 
Chicago, Illinois and Baltimore, Maryland 
Qualitative interpretation of tomographic and planar scin- 
tigrams, a five point rating scale and receiver operating 
characteristic analysis were utilized to compare single pho- 
ton emission computed tomography and conventional pla- 
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accuracy of the diagnosis of coronary artery disease and 
individual vessel involvement. One hundred twelve patients 
undergoing cardiac catheterization and 23 normal vohm- 
teers performed symptom-limited treadmill exercise, fol- 
lowed by stress and redistribution imaging by both tomo- 
graphic and planar techniques, with the order determined 
randomly. 
Paired receiver operating characteristic curves revealed 
+I.,., &..“I_ ..l.n*n.. .,..G”&_” n,W......,,.rl I_...,.“rn..LW ..l.XC UWlI JlrlglF u”1”‘“” SIII1JJ1”,1 rv,rryursu rvrr,ug, ap”‘J WLIJ 
more accurate than planar imaging over the entire range of 
decision thresholds for the overall detection and exclusion 
of coronary artery disease and involvement of the left 
anterior descending and left circumflex coronary arteries. 
Thallium-201 gamma camera scintigraphy has achieved wide 
acceptance for the determination of regional myocardial 
perfusion. Relative to exercise electrocardiography, conven- 
tional planar scintigraphy analyzed either qualitatively or 
quantitatively has been shown (1-5) to improve the sensitiv- 
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Tomography offered relatively greater advantages in male 
patients and in patients with milder forms of coronary 
artery disease, who had no prior myocardial infarction, 
only single vessel involvement or no lesion ~50 to 69%. 
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in women or in detection of disease in the right coronary 
artery. Although overall detection of coronary artery dis- 
ease was not improved in patients with prior myocardial 
infarction, tomography provided improved identification of 
normal and abnormal vascular regions, particularly of the 
left anterior descending and circumflex artery regions. 
These results indicate that single photon emission com- 
puted tomography provides improved diagnostic perform- 
n”nn nr\.....n..n.-l ..,:,I. ..I......” :-n,:..n :.. . . ...“.. “l:..:“-l -..I. allLC r”rrrualF” Wllll y,ilruU lrlrirgrrrg 111 rr,ar,y ClllllLill JUW 
groups, and suggest that it represents the diagnostic 
imaging procedure of choice in exercise thallium-201 per- 
fusion studies. 
(J Am CON Cardiol1989;13:600-12) 
ity and specificity of coronary artery disease detection. 
Planar imaging, however, suffers from well recognized tech- 
nical limitations, including poor lesion contrast, spatial over- 
lap of myocardial regions and variable attenuation by non- 
cardiac structures such as the breast and chest wall 
musculature. Tomographic imaging, utilizing a rotational 
camera (single photon emission computed tomography or 
SPECT) was introduced in an effort to circumvent these 
technicai difficuities. Compared with pianar imaging, thai- 
lium-201 tomography has been shown to improve the detec- 
tion of prior myocardial infarction at rest (6-9) and of occult 
coronary artery disease after stress (10-15). Most previous 
studies, however, have not examined the clinical situations 
in which SPECT may have limitations or particular advan- 
tages. It is unclear, for example, to what extent the benefits 
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of SPECT may be influenced by presence or absence of 
previous infarction, severity of coronary disease or site of 
coronary involvement. Furthermore, previous studies have 
not addressed the impact of the degree of certainty of 
interpretation on the relative sensitivity/specificity relations 
for planar and tomographic imaging. ,-^l~ 
Receiver operating characteristic (KUL) anaiysis, a tech- 
nique derived from signal detection theory for determining 
the entire spectrum of sensitivity and specificity relations of 
any diagnostic modality, has been of particular utility in the 
comparison of diagnostic methods in radiology and nuclear 
medicine (16-19). In this study, we compared SPECT and 
planar imaging of regional myocardial thallium-201 uptake 
after exercise stress in patients undergoing cardiac catheter- 
ization. Our goal was to apply receiver operating character- 
istic analysis to characterize the advantages and limitations 
of qualitative analysis of tomographic scintigrams compared 
with conventional planar images in the diagnosis of coronary 
artery disease and the detection of disease in individual 
coronary arteries. 
Methods 
n-r. rarient seiection. One hundred tweive patients (87 men 
and 25 women) with suspected or known coronary artery 
disease underwent exercise thallium-201 scintigraphy within 
1 month of their cardiac catheterization. Significant coronary 
artery disease, defined as ~50% diameter narrowing in at 
least one major epicardial coronary artery, was present in 96 
patients; 77 patients had at least one prior myocardial 
infarction. Twenty-three normal volunteers aged 27 to 51 
years, who had no family history or overt symptoms of 
coronary artery disease, normal rest and exercise electro- 
cardiograms (ECG), and fasting serum cholesterol <90th 
percentile for age and gender, underwent exercise thallium- 
201 scintigraphy, but not cardiac catheterization. Informed 
consent was obtained from all study participants. 
Exercise testing. Exercise testing was performed accord- 
ing to a modified Bruce protocol (20), with incremental 
increases in treadmill speed or inclination, or both, at 3 min 
intervals. Exercise was continued until the appearance of 
angina, profound dyspnea or fatigue. A test was considered 
nmitive for ECG &ns nf ischemna if there was 21 -mm_ of r _ L.__ n--- -- 
horizontal or downsloping ST segment depression 0.08 s 
after the J point, and negative if the subject exercised to 
~85% of age-predicted peak heart rate in the absence of 
ischemic ECG changes. A test was considered inconclusive 
if the patient failed to reach target heart rate and had no 
ischemic ECG changes, or if an intraventricular conduction 
defect, left ventricular hypertrophy or drug-related (for 
example, digitalis) ST-T segment abnormalities precluded an 
accurate diagnosis of ischemia. 
Cardiac catheterization. This was performed according to 
standard techniques with access through the femoral or 
brachial artery route in all 112 study patients. All segments 
of the coronary circulation were visualized in at least two 
projections. Left ventriculography was performed in 96 of 
the 112 patients. Coronary arteriograms and left ventriculo- 
grams were evaluated by one experienced angiographer 
unaware of patient name, clinical history or results of 
exercise thaiiium-20i scintigraphy. The left ventricle was 
divided into three vascular territories corresponding to the 
three major epicardial coronary arteries and their major 
branches: left anterior descending, left circumflex and right 
coronary artery. In patients with a balanced or left circum- 
flex-dominant coronary circulation, the posterior descending 
artery was considered to supply the right coronary artery 
vascular territory. Percent reduction in luminal diameter in 
each vascular territory was visually estimated and catego- 
rized in the following manner: no irregularity, <50%, 50% to 
69%, 70% to 89%, 90% to 99% and total occlusion. If a left 
ventriculogram was performed, regional wall motion in each 
vascular territory was evaluated as normal or abnormal. For 
subsequent comparison with scintigraphic regions of the 
myocardium, a vascular territory was considered abnormal 
if it contained either a stenosis ~50% or a regional wall 
motion abnormality. 
in iO7 patients, there was compiete concordance between 
stenosed arteries and corresponding wall motion abnormal- 
ities. There were two patients with a documented history of 
myocardial infarction and a corresponding wall motion ab- 
normality but a widely patent infarct artery. Three patients 
had at least one significant stenosis but wall motion abnor- 
malities in additional myocardial regions. “Mild” coronary 
artery disease was considered to be present if only one 
vessel was involved, the most severe narrowing was only 
50% to 69% or there was no prior myocardial infarction. 
Thallium scintigraphy. Thallium-201 (1.5 to 2.0 mCi) was 
intravenously administered 1 min before the cessation of 
exercise. Within 10 min of injection, either planar or tomo- 
graphic imaging was initiated, with the order determined 
randomly. Immediately after completion of the first imaging 
study, images were obtained using the other modality. 
Redistribution scans were acquired approximately 3 h later. 
Planar scintigraphy was performed with a general all 
purpose collimator. Three views (anterior, 45” left anterior 
nhlinlle 2nd 75” left ant&m nhlimle1 WP~P nhtaind mrh -u-Al-., L-L. -...v..“l “““y..‘, -1”. w v”ruu~ru) VU”,& 
containing at least 500,000 counts. Approximately 30 min 
was required to complete the three views. Images were read 
without background subtraction on the video display moni- 
tor. 
Single photon emission computed tomography (SPECT) 
was performed with a Technicare Omega 500 rotating large 
field of view camera, which acquired sixty 30 s images 
through a 180” circular orbit (30” right anterior oblique 
through 60” ieft posterior obiiquej. Raw images, each con- 
taining approximately 30,000 counts, were obtained in 128 x 
128 byte mode with a 1.4 camera magnification and a radius 
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Table 1. Criteria for Scan Abnormality Interpretation 
Criteria 
SPECT 
Score Interpretation Stress Image 
5 Definitely abnormal Marked defect 
Moderate defect 
- 
4 Probably abnormai Moderate defect 
Mild defect 
3 Equivocal Mild defect 
Moderate defect, 
possibly artifact 
Redistribution Image 
ti- redistribution 
Definite redistribution 
Fixed 
Definite redistribution 
Fixed 
Transverse Short Axis Long Axis 
PLANAR 
2 Probably normal Mild or moderate defect. 
probably artifact 
1 Definitely normal Homogeneous 
Anterior LAO 45’ LAO 75’ 
of rotation as small as patient size would allow (mean 20 cm, 
range 18 to 24). Raw images were corrected for camera 
uniformity by a 128 million count flood field. Images were 
reconstructed by means of filtered back-projection, with use 
of a Hanning filter with a cutoff of 30% of the Nyquist 
frequency, to form a set of contiguous transverse slices 3 
..:“nll, thip.l, IL 7 mm\ lZ?;‘;lt,.G,, I.,+..,,,.. “I:,,‘. ,*A -+*-....,> P’“G13 L111Gh [“.i LLLLII,. I IIIGIIII& “GLWG;FII J,,LC> a,,Ll dllc,,“a- 
tion correction were not performed. Visually determined 
cardiac axes were obtained from mid-myocardial transverse 
and long-axis sections. The raw data were then reoriented 
around the true cardiac long axis to form orthogonal short- 
axis and vertical long-axis image sets (21). 
??Left Anterior Descending 
BEI 
Left Circumflex 
??Right Coronary Artery 
Figure 1. Top, Vascular territories in each tomographic image 
orientation (transverse, short-axis and long-axis). Bottom, Vascular 
territories in each planar image orientation (anterior, 45” left anterior 
oblique [LAO] and 75” LAO). SPECT = single photon emission 
computed tomography. 
Image interpretation. Studies from patients undergoing 
cardiac catheterization and normal volunteers were dis- 
played on a high resolution monitor in random order. For 
planar image interpretation, paired stress and redistribution 
scans in the three planar orientations (anterior, 45” left 
anterior obhque and 75” lett anterior obhque) were sequen- 
tially displayed. For tomographic image interpretation, eight 
paired stress and redistribution images (16 per video screen) 
were displayed in three projections (transverse. short-axis 
and long-axis). These eight slices usually spanned the entire 
left ventricle. Tomographic and planar scintigrams were 
interpreted during separate reading sessions. 
Interpretations were performed by three experienced 
readers who were unaware of the results of the exercise test 
or coronary angiography or whether the study belonged to a 
patient who underwent catheterization or a normal volun- 
teer. Each reader independently scored the overall scinti- 
gram and each vascular territory according to a 5 point scale: 
1 = definitely normal, 2 = probably normal, 3 = equivocal, 
4 = probably abnormal and 5 = definitely abnormal. Uni- 
form criteria, displayed in Table 1, were established during a 
training session in which 30 scans were interpreted. A defect 
h-/I tn ha e.raean+ ;, q+ In-et t,.,rr ~r\nt;n..n,,r tnm,vwonh;,- ,,a” I” “L p’bT&L” 111 ar 1b(1JL IW” b”rlqj;u”uJ I”rlr”~;raplrlr 
slices and two image orientations to be scored as definitely 
abnormal (5 points), probably abnormal (4 points) or equiv- 
ocal (3 points). Diminished thallium-201 uptake in the most 
basal inferoseptal tomographic slices was interpreted as a 
variant of normal. This finding is probably due to both the 
presence of avascular valvular tissue and the greater atten- 
uation of photons from this region of the myocardium. 
Figure 1 (top) displays the representation of the vascular 
territories in each tomographic orientation; Figure 1 (bot- 
tom) shows the representation of the vascular territories in 
each planar image orientation (22). The correlation coeffi- 
cient for interobserver reliability was 0.714 for scoring of 
SPECT studies and 0.830 for scoring of planar studies (23). 
These values, which are not significantly different, suggest 
good to excellent interobserver reliability. In studies where 
differences in scoring between observers occurred, a con- 
sensus score was reached between the three observers and 
formed the basis for subsequent data analysis. 
Receiver operating characteristic analysis. Receiver oper- 
ating characteristic (ROC) curves were derived according to 
the method described by Metz (16), placing the true positive 
fraction (sensitivity [?%I) on the ordinate and the false 
positive fraction (100 - specificity [%I) on the abscissa. 
E:oeh n,,*.,o ,.T_P ,ic.&.,P,4 frnm r;” rPn~~t;.,;t,,/~~P~~fi~~t,, rva;re bUb,I b”, “L ““LlJ UCLI”bU ll”lll J,/\ J~,lJ,rr”,rJ,J~~~,,,~,~~ pu’L’J, 
obtained by defining a positive scan result as a “5,” “5-4,” 
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Table 2. Characteristics of 135 Study Participants 
Patients With 
Catheterization 
Without Normal 
With CAD CAD Volunteers 
No. 96 16 !i 
Age (yr)” 53 Y + 9.0 51 ir 9.9 41.9 t- 1.4 
Gender (M/F) 801 I6 7:9 14/Y 
Peak heart rate” 1’8 ? 13 146 f 17 IX! f 14 
tbeatsimin) 
All subjects 1x i- 23 146 ? 27 IQ 
Male I?1 + 33 178 -t 1811 
Female 118 i 35 15s + 3011 
Exercise tolerance te$t 
Positive FZ?c) 50 (52%) 3 (19%;;) 0 (0%‘;) 
Negative t%%) I? (I?%) 7 (44%) 11 (96%) 
Indeterminate (r/r) 34 (35%) 6 (37%) I (4%) 
On beta-blockers t% I 58 (60%) 7 (44Tr) 0 (0%) 
PoGtive planar study I”~I 
4.5 65 (68%): 0 (OQ) 11 
3.4.5 77 (SOc/r)$ 4 (10%) 11 
Positive SPECT stud! 
4.5 80 (83%): I 138)ll 
3,4.5 88 (9?‘Z)4 3 @%I~~ 
xp < 0.05 coronary artery disease or no coronary artery disease verws 
normal volunteers: $p < 0.02 positive scintigraphic study = 4.5: planar versus 
tomography: /Ithese value5 are for combined patients without coronary arteq 
disease and the normal volunteers: rip < 0.03 positive scintigraphic ctudk = 
3.45: planar versus tomography. CAD = coronary artery disease: F = 
female: M = male: SPECT = single photon emission computed tomography. 
“5-3” and “5-2.” as well as the boundary conditions of 
100% sensitivity and 100% specificity. If ROC curves are 
assumed to be based on two underlying Gaussian distribu- 
tions with different mean values and standard deviations. it 
has been shown that the points of the ROC curve are linear 
when plotted on normal deviate axes (18.19). The resultant 
straight line can be defined by a slope (b) and an intercept 
(a), which are sufficient to fully characterize any binormal 
ROC curve. Dorfman and Alf (24) developed a maximal 
likelihood algorithm to fit the observed ROC points to a 
straight line. and thereby derive estimates of a and b. 
variance (a). variance (b) and covariance (a,b). Metz and 
Kronman (25,261 developed a computer program that de- 
rived these parameters and utilized them to determine the 
statistical significance of differences between two ROC 
curves obtained from correlated data. We utilized this pro- 
gram to obtain fitted ROC curves from the operating points 
just described and to perform a statistical analysis of differ- 
ences between paired ROC curves obtained from planar and 
tomographic imaging. 
Statistics. Continuous variables are expressed as mean t 
standard deviation; comparisons between continuous varia- 
bles were made using the two sample t test in the case of two 
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Figure 2. Paired receiver operating characteristic (ROC) curves for 
the overall diagnosis of coronary artery disease (CAD). (See text for 
explanation of generation of curves using CORROC program.) Solid 
line indicates single photon emission computed tomography 
(SPECT) ROC curve: dotted line indicates planar ROC curve. 
Individual operating points (circle = tomography, square = planar) 
were obtained using varying decision thresholds for a positive and 
negative test. The SPECT ROC curve is shifted upward and leftward 
of the planar ROC curve, implying improved diagnostic perform- 
ance at each diagnostic threshold. opr point = operating point: 
numbers on the curves indicate criteria for a positive scan. 
groups and the analysis of variance test in the case of more 
than two groups. Discrete variables were compared using 
the chi-square test. Planar and SPECT ROC curves were 
compared using Metz’s CORROC and INDROC programs 
(26) for correlated and independent data sets. respectively. 
Statistical comparisons between paired ROC curves utilized 
the two-tailed false positive test described by Metz (26) and 
McNeil and Hanley (27). Measures of superiority of SPECT 
versus planar imaging in various subgroups were made using 
the sign test (two tailed) under the hypothesis that there was 
no difference between the two methods (28). Differences for 
all tests were considered statistically significant if p < 0.05. 
Results 
Patient characteristics. Table 2 displays the characteris- 
tics of our study participants (age. gender, peak heart rate 
and stress test result). The 112 patients were older than the 
23 normal volunteers (p < 0.05). Of the 112 patients, all of 
whom underwent catheterization, 96 had coronary artery 
disease. Patients with coronary artery disease achieved a 
lower peak exercise heart rate (I28 2 23 beatsimin) com- 
pared with the 16 patients without coronary artery disease 
(146 2 27 beatsimin) and the normal volunteers (182 2 I4 
beatsimin) (p < 0.05). A positive exercise test occurred in 50 
of the 96 patients with coronary artery disease, 3 of the 16 
patients without coronary artery disease and no normal 
volunteers. Prior myocardial infarction was present in 77 
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Table 3. Receiver Operating Characteristic (ROC) Curve Variables, Curve Areas, Sensitivities at False Positive Fractions of 5% and 10% 
and Statistical Comparisons Using the False Positive Test 
Sensitivity 
Group 
FPF 5% FPF 5% FPF 10% FPF 10% FPF Test FPF Test 
Planar Planar SPECT SPECT Area Area Planar SPECT Planar SPECT 5% 10% 
a b a b SPECT Planar (%) (%) (%) (%) (p value) (p value) 
Overall 
SPECT and planar first 
SPECT and planar 
second 
Male subjects 
Female subjects 
Adequate exercise test 
No beta-blocker 
No prior Ml 
Prior MI 
Single vessel disease 
Two or three vessel 
disease 
Left anterior descending 
Left circumflex 
Right coronary 
50 to 69% stenosis 
>70% stenosis 
1.157 0.600 1.809 
1.801 0.507 1.958 
1.959 0.898 1.743 
1.860 0.729 1.764 0.184 
1.422 0.305 2.364 1.014 
1.560 0.489 I .985 0.432 
1.695 0.563 1.626 0.283 
1.655 0.756 1.617 0.401 
1.889 0.411 2.086 0.417 
1.268 0.512 1.278 0.307 
2.344 0.764 3.119 0.887 
0.900 0.550 1.091 0.438 
0.520 0.674 0.543 0.330 
1.384 0.804 1.470 0.830 
1.586 0.880 1.392 0.442 
1.768 I .076 1.195 0.964 
0.367 
0.267 
0.414 
0.955 0.934 77.9 88.6 83.8 91.0 0.087 0.117 
0.971 0.946 83.3 93.5 87.5 94.1 0.200 0.259 
0.946 0.928 68.5 85.6 79.1 88.7 0.264 0.376 
0.959 0.934 74.6 92.8 82.3 93.7 0.024 0.050 
0.952 0.913 82.1 75.7 84.9 85.7 0.701 0.950 
0.966 0.919 17.5 89.7 82.5 92.3 0.078 0.060 
0.941 0.930 77.9 87.7 83.5 89.7 0.187 0.280 
0.933 0.907 65.9 83.1 75.3 86.5 0.103 0.160 
0.973 0.960 88.8 91.9 91.4 94.0 0.491 0.462 
0.889 0.871 66.5 78.0 73.0 81.2 0.186 0.245 
0.990 0.969 86. I 95.2 91.4 97.6 0.176 0.159 
0.841 0.785 49.8 64.4 57.7 70.2 0.055 0.045 
0.697 0.667 27.8 50.0 36.5 54.8 0.008 0.017 
0.871 0.860 52.5 54.2 63.9 65.8 0.865 0.794 
0.898 0.883 55.5 74.1 67.7 79.5 0.178 0.293 
0.902 0.886 49.9 58.3 65.1 71.2 0.537 0.520 
FPF = false positive fraction (100 - specificity [%I); Ml = myocardial infarction; SPECT = single photon emission computed tomography. For the 15 
subgroups, the area for SPECT was nearer to one than was planar (p < 0.0002). At an FPF of 5%, SPECT was more sensitive than planar in 14 of the 15 subgroups 
(p < 0.002). Sensitivity was superior for SPECT versus planar in all 15 subgroups at an FPF of 10% (p < 0.0002). 
(69%) of the 112 catheterized patients. In the 96 patients with 
coronary artery disease, there was an even distribution of 
patients with single (n = 33), double (n = 31) and triple (n = 
32) vessel coronary artery disease. The left anterior descend- 
ing artery was involved in 76 of the 96 patients (79%), the 
right coronary artery in 66 (69%) and the left circumflex 
artery in 49 (51%). 
Receiver operating characteristic (ROC) analysis. Figure 2 
displays paired, fitted ROC curves comparing the diagnostic 
performance of planar and tomographic imaging in the 
overall detection or exclusion of coronary artery disease. 
The area (A,) under the ROC curve provides an estimate of 
diagnostic performance. The “ideal” ROC curve ap- 
proaches the upper left corner of the ROC unit square, and 
then asymptotically approaches the upper right corner; the 
area under this “ideal” ROC curve approaches 1. As shown 
in Figure 2, the tomographic ROC curve was consistently 
upward and leftward of that for planar imaging, implying 
improved diagnostic performance. The advantage of tomo- 
graphic over planar imaging was greatest in the clinically 
relevant range, that is, between a false positive fraction of 
5% through 50% (specificity of 95% through 50%). Individual 
diagnostic thresholds for SPECT were generally above and 
to the left of corresponding thresholds for planar imaging, 
again implying improved diagnostic performance. 
Table 3 displays the variables dejining the overall planar 
and SPECT ROC curves, the area under each ROC curve, 
and paired true positive fractions (sensitivity [%]) at false 
positive fractions (100 - specificity [%I) of 5% and lo%, 
corresponding to a specificity range of 95% through 90%, 
and statistical comparisons using the false positive test. The 
slope of the derived line in binormal deviate space (b) is 
related to the curvature of the ROC curve in the ROC unit 
square, and the intercept (a) defines the height of the ROC 
curve. Planar and tomographic imaging shared similar values 
for the intercept (a), but the relatively leftward-shifted ROC 
curve for tomography had a lower value for the slope (b) 
and, thus, improved diagnostic performance. The “false 
positive test” described by McNeil and Hanley (27) and 
incorporated into the CORROC program of Metz et al. (26) 
utilized in the preceding analysis permits a statistically 
rigorous comparison of differences between two ROC curves 
obtained from correlated rating data at a chosen specificity 
value. For the overall comparison between SPECT and 
planar imaging, the values were p = 0.12 at a false positive 
fraction of 10% and p = 0.09 at a false positive fraction of 5% 
(specificity 95%). At a chosen false positive fraction of IO%, 
overall sensitivity was 91% for SPECT and 84% for planar 
imaging (Table 3). At each chosen value of specificity, 
SPECT yielded consistently higher values of sensitivity for 
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the overall diagnosis of coronary artery disease than did 
planar imaging (Fig. 2). With use of a more conventional 
comparison of sensitivity (Table 2), SPECT was significantly 
superior to planar imaging whether a positive scan was 
defined as a “3”. “4” or “5” (p < 0.03) or a “4” or “5” 
(p < 0.02). 
We then compwed the relative diugnositic performcmce 
of SPECT andplnncrr imaging in curious subgroups of study 
subjects, as discussed next and displayed in Figures 3 and 4 
and Tables 3 to 5. 
Influence of the order of imaging. The preceding analysis 
considered all experimental subjects together, irrespective 
of whether tomographic or planar imaging was the first study 
performed after exercise. Because of the study design, one 
of the two imaging modalities (the order determined ran- 
domly) was delayed until approximately 30 min after the end 
of exercise. We. therefore. compared ROC curves repre- 
senting “first” tomographic or planar imaging studies. To- 
mography was again better than planar imaging at each 
decision threshold, although the ROC curves were some- 
what closer to one another (Fig. 3A). At a chosen specificity 
of 90%. sensitivities were very high: 95% for tomographic 
and 88% for planar imaging (p = NS) (Table 3). Paired ROC 
curves obtained from subjects in whom tomographic and 
planar imaging were obtained as the second scan again 
revealed improved diagnostic performance by tomographic 
imaging, although there was a slight degradation of diagnos- 
tic performance because of the delay in image acquisition. 
Patient gender. Figure 3B displays paired ROC curves 
for tomographic and planar studies in men and women. 
Tomographic ROC curves for both men and women were 
above corresponding planar ROC curves. Although tomo- 
graphic ROC curves for men were above those for women. 
planar imaging yielded similar diagnostic performance for 
both men and women. Improved diagnostic performance in 
men may be a consequence of the presence of breast 
artifacts in women. as well as higher peak achieved exercise 
heart rate in men (Table 2). Except for the comparison of 
tomographic and planar imaging in men (p = 0.05 at false 
positive fraction IO%), there were no statistically significant 
differences between paired ROC curves, in part because of 
the small number of female subjects. At a specificity of 90%* 
tomographic imaging in men achieved a sensitivity of 94%. 
planar imaging in men of 82%, tomographic imaging in 
women of 86% and planar imaging in women of 84%. 
Adequacy of exercise stress. Figure 3C displays paired 
tomographic and planar imaging ROC curves for subjects 
who achieved an adequate exercise end point (ischemic ST 
response or heart rate ~85% of predicted). Tomography was 
superior to planar imaging at each diagnostic threshold for 
subsets with an adequate exercise test. In subjects with 
inadequate stress, individual operating points again revealed 
improved diagnostic performance by tomography, but the 
small number of subjects without coronary artery disease 
and inadequate stress did not satisfy the minimal conditions 
of the bivariate data model required by the Dorfman and Alf 
algorithm (24) to permit derivation of adequate ROC curves. 
Beta-adrenergic blockade. Figure 3D shows the diagnos- 
tic performance of tomographic and planar imaging in 70 
study participants (38 with coronary artery disease) who 
were not taking a beta-blocker at the lime of the exercise 
thallium-201 test. Although the tomographic ROC curve was 
consistently above and to the left of the planar curve, there 
were no significant statistical differences between these 
curves. Sixty-five patients (58%) were taking a beta-blocker 
at the time of exercise. Because of the small number (n = 7) 
of patients receiving a beta-blocker who had no coronary 
stenosis >50%. the minimal conditions of the Dorfman and 
Alf (24) algorithm were not fulfilled, and no ROC curve could 
be derived. However, the individual operating points were 
quite similar to those obtained from the remaining study 
patients not taking a beta-blocker (Fig. 3D). 
Prior myocardial infarction. In the presence of a prior 
myocardial infarction (Fig. 3E), tomographic and planar 
ROC curves both demonstrated excellent diagnostic perform- 
ance. although tomography was slightly better. In the ab- 
sence of prior myocardial infarction, the tomographic ROC 
curve was higher and leftward of that for planar imaging, 
implying improved diagnostic accuracy by tomography. 
Number of diseased coronary arteries. The ROC curves 
generated in subjects with single vessel coronary artery 
disease demonstrated improved disease detection by tomo- 
graphic imaging (Fig. 3F). If two or three coronary arteries 
were narrowed ~50%. both planar and tomographic imaging 
achieved very high diagnostic accuracy, as demonstrated by 
their leftward- and upward-shifted ROC curves. As ex- 
pected, more extensive coronary artery involvement was 
associated with improved diagnostic performance because of 
the higher prevalence of prior myocardial infarction and 
more marked perfusion defects. 
Detection of individual vessel involvement (Fig. 4). For the 
diagnosis of disease in the distribution of the left anterior 
descending and left circumflex coronary arteries, tomograph- 
ic imaging was significantly better than planar imaging at all 
decision thresholds. At a chosen specificity of 90%, tomo- 
graphic imaging yielded a sensitivity of 70% and planar 
imaging had a sensitivity of 58% for detection of disease in 
the distribution of the left anterior descending artery (p = 
0.045): tomographic imaging sensitivity was 55% and planar 
imaging was 37% in the distribution of the left circumflex 
artery (p = 0.017) (Table 3). Left circumflex distribution 
ROC curves were significantly lower than those obtained for 
the other vascular territories (Fig. 4B). Although specificity 
values for the left circumflex distribution were high (tomo- 
graphic and planar ROC curves were leftward-shifted), sen- 
sitivities were relatively low. Diminished sensitivity for 
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Figure 3. The effect of various clinical variables on diagnostic 
performance of paired tomographic (SPECT) and planar receiver 
operating characteristic (ROC) curves in 135 studies. A, Effect of the 
order of imaging. B, Effect of gender. C, Effect of achievement of 
adequate stress (~85% peak heart rate or an ischemic electrocar- 
diographic result) during exercise. adq = adequate; inadq = inade- 
quate; opr point = operating point. D, Effect of beta-blockade. BB 
= beta-adrenergic blocker; opr point = operating point. E, Effect of 
the presence of prior myocardial infarction (MI). F, Effect of the 
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Figure 2. 
detection of disease in the distribution of the left circumflex 
coronary artery has also been found by other investigators 
(12,15,22,29). Tomographic and planar ROC curves for the 
detection of disease in the distribution of the right coronary 
artery were nearly identical (Fig. 4). At each individual 
decision threshold, tomography was associated with a 
slightly but consistently higher sensitivity at a slightly dimin- 
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ing provided a sensitivity of 66% and planar imaging had a 
sensitivity of 64% (p = NS). 
Effect of prior myocardial infarction on detection of indi- 
vidual vessel involvement. Historical. ECG and contrast 
ventriculographic data were utilized to tabulate infarction 
location in 57 patients, 47 with infarction in one vascular 
territory (left anterior descending in 22. right coronary in 22 
and left circumflex in 3) and IO with infarction in two 
vascular territories (left anterior descending and right coro- 
nary in 9, right coronary and left circumflex in I). Table 4 
compares tomographic and planar imaging with respect to 
detection of the prcsrtm of disease (>50% stenosis or a wall 
motion abnormality. or both) in the infarcted vascular terri- 
tory or in the diseased but noninfarcted vascular territory. as 
well as the correct determination of the rrhsrnw of disease in 
normal vascular regions. For the purposes of this analysis, a 
scintigraphic reading of 5.4 or 3 was considered as a positive 
result. Tomographic imaging detected 91% and planar imag- 
ing 85% of scintigraphic defects in a vascular territory with 
prior myocardial infarction. Detection rates for disease in 
noninfarcted vascular territories were significantly dimin- 
ished for the left anterior descending (43% tomography and 
36% planar) and the left circumflex artery territories (42% 
tomography and 19% planar), but were preserved for the 
right coronary artery territory (80% tomography and planar). 
In cascular territories that contained neither a stenosis 
>50% nor a wall motion abnormality, tomography achieved 
the greatest improvement in specificity for the left anterior 
descending artery territory (83% tomography versus 42% 
planar) but similar results for the left circumflex artery 
territory (96% tomography versus 85% planar) and the right 
coronary artery territory (60% tomography versus 67% 
planar). If all vascular territories were combined, tomogra- 
phy correctly identified I3 I (77%) of 171 territories and 
planar imaging identified 113 (66%) (p = 0.02). Thus. tomo- 
graphic imaging achieved higher detection rates for the 
infarct-related vascular territory and noninfdrcted vascular 
territories with a stenosis >50% or a regional wall motion 
abnormality. or both. and was generally better than planar 
Figure 4. Paired tomographic (SPECT) and planar receiver operating 
characteristic CROCI curves for the diagnosis of disease in the left 
anterior descending, left circumflex and right coronary vascular 
territories. and the effect of stenosis severity. See text for explana- 
tion of derivation of ROC curves. A. Left anterior descending 
(LAD) vascular territory. B, Left circumflex (LCX) vascular terri- 
tory. C, Right coronary (RCA) vascular territory. D, Effect of 
stenosis; scveritv. 
LAD disease present 76 
LAD disease absent 59 
LCX disease absent 86 
FALSE POSITIVE FRACTION (Z) 
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Table 4. Detection of Diseased and Normal Vascular Territories in the Presence of Prior Myocardial Infarction in 57 Patients 
Vascular 
Territory 
Detection Detection 
of Infarct-Related Vascular of Disease in Non-infarcted 
Territory Vascular Territory 
No./Total (%i) No./Total (%) 
Detection 
of Normal Vascular Territory 
No./Total (%o) 
LAD 
LCX 
RCA 
Overall 
SPECT 2813 I 
Planar 2613 1 
SPECT 414 
Planar 414 
SPECT 29132 
Planar 27132 
SPECT 61167 
Planar 57167 
90.3 
83.8 
100 
100 
90.6 
84.4 
6114 42.8 10112 83.3 
5114 35.7 5112 41.7 
11126 42.3 26121 96.3 
5126 19.2 23127 85.2 
8110 80.0 9115 
8110 80.0 10115 
91.0 25150 50.0 45154 
85.1 18150 36.0 38154 
60.0 
66.1 
83.3 
70.4* 
“p = 0.02 overall-SPECT versus planar imaging. LAD = left anterior descending coronary artery: LCx = left circumflex coronary artery; RCA = right 
coronary artery: SPECT = single photon emission computed tomography. 
imaging for the exclusion of “normal” vascular territories 
(Table 4). 
Effect of stenosis severity. Paired tomographic and planar 
ROC curves constructed from patients whose most severe 
stenosis was 50 to 69% are displayed in Figure 4D. The 
tomographic ROC curve was higher and leftward of that for 
planar imaging, implying improved diagnostic performance. 
If the most severe stenosis was r70%, both tomographic and 
planar ROC curves were shifted further into the left corner. 
Although tomographic imaging remained better than planar 
imaging for the diagnosis of the presence of coronary artery 
disease in these subjects, differences were much less 
marked. 
Detection of correct number of vessels. Table 5 displays a 
comparison of the rate of detection by tomographic and 
planar imaging of the correct number of vascular territories 
containing a stenosis >50% or a wall motion abnormality, or 
both. When all 135 study subjects were analyzed together, 
tomographic imaging correctly identified all three vascular 
territories in 73 (54%) and planar imaging in 55 subjects 
(41%) (p = 0.02). Although both imaging modalities achieved 
similar diagnostic performance in patients and volunteers 
with triple vessel disease or no vessels involved, tomogra- 
phy was significantly better than planar imaging for classifi- 
cation of vascular regions in patients with double and single 
vessel disease (p = 0.03). 
Discussion 
We have utilized receiver operating characteristic (ROC) 
analysis to compare the ability of single photon emission 
computed tomography (SPECT) and conventional planar 
thallium-201 imaging to accurately detect narrowed coronary 
arteries. The overall ROC curve for tomographic imaging 
(Fig. 2) was higher and leftward of that for planar imaging, 
implying improved diagnostic performance at each decision 
threshold (that is, improved sensitivity at each level of 
specificity). Tomography appeared to offer relatively greater 
advantages in men and patients with milder forms of coro- 
nary artery disease, defined as the absence of prior infarction 
(Fig. 3E), involvement of only one vessel (Fig. 3F) and the 
presence of maximal coronary artery stenosis of 50% to 69% 
(Fig. 4D). For the diagnosis of disease in individual vascular 
territories, tomography was superior to planar imaging in the 
anterior descending and circumflex artery territories, but not 
in the region of the right coronary artery (Fig. 4A to C). 
Tomographic imaging provided improved overall detection 
of diseased and nondiseased vascular regions in patients 
with coronary artery disease, particularly in the anterior 
descending and circumflex artery regions in patients with 
previous right coronary occlusion. 
Table 5. Detection of the Correct Number of Abnormal Vascular 
Territories in 96 Patients With Coronary Artery Disease 
Abnormal 
Vascular 
Territories 
Total 
No. 
No. 
Correctly 
Detected % p Value 
3 
2 
I 
3.2,l 
SPECT 32 
Planar 32 
SPECT 31 
Planar 31 
SPECT 33 
Planar 33 
SPECT 96 
Planar 96 
I 21.8 NS 
6 19.8 
15 48.4 0.03 
I 22.6 
15 45.5 0.03 
7 21.2 
31 38.6 0.006 
20 20.8 
SPECT = single photon emission computed tomography. 
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Comparison with previous studies. The sensitivity and 
specificity of thallium-201 imaging for the diagnosis of coro- 
nary artery disease have been reported using one decision 
threshold applied to all study subjects. Utilizing this ap- 
proach, several investigators (6-9) have demonstrated the 
advantages of tomography over planar imaging at rest for 
both the detection of prior myocardial infarction and the 
quantitation of infarct size (30). Several studies (9-14) have 
compared the accuracy of the detection of coronary artery 
disease during exercise stress by tomographic and conven- 
tional planar imaging. Although stress planar imaging gener- 
ally detected >80% of patients with coronary artery disease 
using visual interpretation (3 l-34) or computer-aided quan- 
titative analysis (I-51, the sensitivity noticeably declined for 
the detection of individual vessel involvement. Visual inter- 
pretation using a single threshold has yielded a sensitivity of 
63% to 78% for the left anterior descending artery, 50% to 
73% for the right coronary artery and 21% to 45% for the left 
circumflex artery (10,22,29). In our study, if a positive test is 
defined as a 3, 4 or 5. consensus visual interpretation of the 
planar scintigrams yielded similar detection rates (62%. 77% 
and 27%, respectively, for the left anterior descending, right 
coronary and left circumflex artery territories). As is evident 
from the ROC curves in Figure 4, a choice of a stricter 
decision threshold yielded lower, whereas a less strict deci- 
sion threshold yielded higher, rates of detection of individual 
coronary artery involvement, with a concomitant loss of 
specificity for the exclusion of normal vascular territories. 
Thallium-201 tomographic imaging after exercise stress 
provides enhanced detection of coronury artery disease. 
Kirsch et al. (9) reported a sensitivity of 93% for tomography 
compared with 68% for planar imaging. Tamaki et al. (12) 
obtained similar results: 93% for the overall detection of 
coronary artery disease using visual methods. increasing to 
98% if computer-assisted quantitative methods were em- 
ployed. These investigators found that visually interpreted 
tomographic images detected 83% of lesions in the left 
anterior descending, 88% in the right coronary and 63% in 
the left circumflex artery, increasing to 90%, 94% and 88%. 
respectively, if uptake and washout quantitative analysis 
were added. Garcia et al. (35) reported on a semiautomated 
method for quantification of three-dimensional thallium-201 
activity after stress and subsequent washout. By varying the 
criteria for the extent of the defect threshold. this method 
achieved similar values for the detection of disease in the left 
anterior descending artery territory, but somewhat lower 
rates of detection of disease in the right coronary and left 
circumflex vascular territories. If we define a positive test as 
a 3, 4 or 5, our qualitative visual interpretation of tomo- 
graphic images achieved very similar results: a sensitivity of 
92% for the overall detection of coronary artery disease. 
70% for the left anterior descending, 85% for the right 
coronary artery. but a somewhat lower value of 47% for the 
left circumflex artery. Figure 4 demonstrates that various 
combinations of sensitivity and specificity can be obtained 
by varying the decision threshold. 
Receiver operating characteristic (ROC) analysis. This 
analysis provides unique insights into the comparative diag- 
nostic performance of tomographic and conventional planar 
imaging. Although Table 3 displays arbitrarily chosen sensi- 
tivity/specificity pairs obtained from each ROC curve, ROC 
analysis permits an essentially infinite number of such deci- 
sion points to be derived from each curve. The Dorfman and 
Alf algorithm (24) generates fitted ROC curves from multiple 
category rating data. These curves can then be compared 
using several tests of statistical significance (25-27). The 
most clinically relevant comparative test involves the deter- 
mination of statistically significant differences of achieved 
sensitivity at a chosen specificity value, because it provides 
a measure of differences in the true diagnostic accuracy of 
the modalities being compared at a chosen value of speci- 
ficity (27). The CORROC program developed by Metz et al. 
(25.26) utilizes multiple category rating data obtained from 
correlated data sets to generate binormal ROC curve param- 
eters. fitted ROC curves and statistical comparisons between 
paired ROC curves. When fitted pairs of ROC curves were 
compared at a false positive fraction of 10% (specificity 
90%). there were statistically significant differences between 
paired tomographic and planar ROC curves for the left 
anterior descending and left circumflex arteries and for male 
subjects. Paired ROC curves for the overall detection of 
coronary artery disease in subjects with adequate exercise 
end points and no history of prior infarction approached 
statistical significance. Differences between paired ROC 
curves were even more significant at a false positive fraction 
of 5% (specificity 95%). and diminished as specificity de- 
creased. It is important to note that the algorithms employed 
by the CORROC program (26) assume a greater number of 
cases than were actually employed in this study, leading to 
moderate underestimation of the statistical significance of 
our results. 
Advantages compared with planar imaging. Tomography 
offers several practical and theoretical advantages over 
conventional planar imaging that enhance the detection of 
regional perfusion abnormalities. Thallium-201 tomographic 
imaging provides a three-dimensional representation of myo- 
cardial thallium-201 uptake. Overlap of myocardial struc- 
tures is reduced. and the location of perfusion deficits is 
more clearly defined because lesion contrast is enhanced. In 
this regard, it is interesting to note that the poorer spatial 
resolution but better contrast resolution of tomography 
achieved greater diagnostic accuracy. These factors all con- 
tribute to the improved diagnostic accuracy of tomographic 
imaging over conventional planar imaging demonstrated in 
the ROC curves displayed in Figures 2, 3 and 4. 
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Study limitations. Several potential experimental limita- 
tions of our study should be considered. Because all patients 
underwent both imaging techniques, of necessity either 
tomographic or planar imaging was not begun until 30 min 
after completion of exercise. It is, therefore, possible that 
redistribution may have occurred by the time the second 
scintigraphic acquisition had commenced. However, when 
we compared subjects undergoing tomography as their first 
scan with subjects undergoing planar imaging first, tomogra- 
phy continued to achieve better diagnostic accuracy at all 
decision thresholds. Although the relative difference was 
maintained between the paired receiver operating character- 
istic (ROC) curves in terms of area (A,) or sensitivity at false 
positive fractions of 5% or 10% (Table 3), the statistical 
significance of the difference was diminished because of the 
smaller number of subjects included in the analysis. Second, 
although visually interpreted angiography was used to define 
the severity and extent of coronary artery disease, angiog- 
raphy is a potentially flawed reference standard (36) be- 
cause it may not accurately predict the functional severity of 
a stenosis. The ROC analysis requires a diagnostic “truth” 
on which to define the sensitivity/specificity relations of any 
diagnostic test. It is well known that similar-appearing 
coronary stenoses may differ markedly in their capacity to 
produce regional ischemia (36) and, thus, diminished thal- 
lium-201 uptake during myocardial perfusion scintigraphy. 
Third, we used visual interpretation of both tomographic 
and planar thallium-201 studies rather than a computer- 
based quantitative analysis. Although computer analyses 
have recently been described for tomography (12,15,35) and 
appear promising, we felt that application of these tech- 
niques was undesirable at this time, given the unresolved 
problems with motion and other reconstruction artifacts, 
variable attenuation of inferoposterior wall segments, partial 
volume effects and uncertain identification of valve struc- 
tures in basally located slices. In addition, our results may 
have greater clinical relevance because the majority of 
physicians currently performing tomographic (SPECT) thal- 
lium-201 studies utilize visual interpretation. Quantitation 
has improved the diagnostic performance of planar imaging 
(l-5) and should also do so for tomographic imaging 
(12,15,35). We hope that the superiority of tomographic 
imaging over planar imaging would also persist. 
In this study. we used a 2 mCi dose of thallium-201, our 
standard dose for planar and tomographic imaging. Cur- 
rently, some laboratories utilize a higher dose of 3 to 4 mCi 
of thallium-201. Although counting statistics are improved, 
there are no published data to indicate superior diagnostic 
performance with this higher dose. 
Role of previous infarction. A large proportion of our 
experimental subjects (77 [69%] of 112) had a prior myocar- 
dial infarction, reflecting the clinical population referred for 
cardiac catheterization. Previous studies (612,15) of the 
diagnostic accuracy of thallium-201 perfusion imaging have 
had a similarly high prevalence of subjects with prior myo- 
cardial infarction, ranging from 26% to 77%. Because both 
tomographic and planar imaging achieved superior and 
nearly indistinguishable overall diagnostic performance in 
patients with prior infarction, the relatively high prevalence 
of previous infarction in this study would be expected to 
diminish somewhat the improvement in diagnostic perfor- 
mance by tomographic over planar imaging in other clinical 
subsets. 
Problems in women. Although analysis of paired tomo- 
graphic and planar ROC curves indicated a consistent ad- 
vantage of tomography for almost all clinical subgroups, 
tomography did not appear to offer an advantage for detec- 
tion of disease in women or for identification of disease in the 
right coronary artery territory. Thallium-201 imaging in 
women has been reported (37) to be less accurate with planar 
imaging. In addition, breast attenuation, although less obvi- 
ous than in planar imaging, may be responsible for recon- 
struction artifacts that are mistaken for true perfusion de- 
fects in tomographic studies. Phantom studies performed in 
our laboratory suggest that the anteroapical region may be 
the most likely site for such artifacts. Alternatively, such 
anteroapical artifacts may balance true inferior defects, 
leading to false negative images (38). 
Problem with the right coronary artery. This appears to 
relate to the difficulty in correctly assessing the inferobasal 
region. Our normal volunteers frequently had an apparent 
decrease in uptake in this region, extending as far down as 
the mid-left ventricle. This may have been caused by a 
combination of factors, including greater attenuation of the 
deeper inferoposterior, segments, presence of valve planes 
and inadvertent oblique slicing of the left ventricle, resulting 
in less myocardium being present inferiorly in the short-axis 
slices. In addition, an upward shift (“upward creep”) in 
heart position during tomographic image acquisition after 
exercise has recently been reported (39), which may be 
responsible for artifactual perfusion defects of the inferior 
wall. 
Attenuation reconstruction. We did not utilize attenua- 
tion correction for image reconstruction because no satisfac- 
tory algorithm for attenuation correction during thallium-201 
tomography has yet been devised (40). We performed a 180 
acquisition during each tomographic study, which many 
investigators (41,42) believe is adequate for routine diagnos- 
tic imaging. Others (43) have shown that 360” acquisition 
produces less image distortion and improves specificity. This 
issue has not yet been satisfactorily resolved. Our data, 
however, demonstrate that visual interpretation of 180 
tomographic images attains very high specificity (>85%) at 
clinically useful decision thresholds. 
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